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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

fECHHICAL NOTE NO. 492

THE AERODYNAMIC ANALYSIS OF THE GYROPLANE
ROTATING-WING SYSTEM

By John B. Wheatley
SUMMARY

An aerodynamic analysis of the gyroplane rotating-
wing system is presented herein., This system consists of
a freely rotating rotor in which oppersite blades are rig-
idly connected and allowed to rotate or feather freely
about their span axis. Equations have becen derived for
the 1ift, the lift-drag ratioc, the angle of attack, the
feathering angles, and the rolling and pitching moments
of a gyroplane rotor in terms of its basic parameters.
Curves of 1lift-drag ratio against 1lift coefficient have
been calculated for a typical case, showing the effect of
varying the pitch angle, the solidity, and the average
blade-section drag coefficient. The analysis expresses
satisfactorily the qualitative relations between the rotor
characteristicsg and the rotor parameters. As disclosed by
this investigation, the merodynawlc principles of the gy-
roplane are sound, and further regsearch on thisg wing sys-
tem is justified,

INTRODUCTION

From considerations of safe flight, 1t 1s desirabdle
that an airplans should be able to fly slewly under good
control without tending to stall or spin, and should be
capable of descending steeply and landing in a restricted
area in the event of an engine failure. The N.A.C.A., in
pursuance of its resenrch on safety in flight, has inten-
sively studied rotating-wing systems and found that they
possess characteristics which coanform closely to these
safety requiremeats,

A preliuinary analysis of *he gyroplane rotating-
wing system disclosed sufficient promise to Jjustify fur-
ther wirk. It was decided, therc’ore, to develop the de-
tailed aerodynamic analysis cf the gyroplane rotor as a
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guide for further investigations. The analysis is based
on the antogiro-rotor theory given in references 1 and 2
and experimentally verified by the data given in reference
3., The aerodynamic similarity between the gyroplane and
autogiro is very close, the only difference being the type
of blade motion used to eliminate rotor rolling moments in
the two systemns.

DESCRIPTION

The gyroplane rotor consists of four blades, the op-
posing tlades being rigidly connected, which rotate freely
unier the influence of air forces about an approximately
vertical axis. ZFach tlade pair is held in bearings at the
hub which permit the blades to oscillate or feather freely
about the axis of the bearinz; i.e., the feathering axis.
The blade is usuvally offset, swept back. or both, to place
the blade center of pressure behind the feathering axis
and thus stabilize the feathering motion. Figure 1 shows
the rotor analyzed in this paper; the blades are rectangu-
lar, and are offset and swept back from the feathering
axis, -

ANALYSIS

Tne aerodynamic znalysis of the gvroplane is essential-
iy similar to that of the autogiro. For this reason, 'the
autogire theory of Glaumert and Lock (references 1 and 2)
has been used as a guide in this development. The experi-
mental verification of the autegiro analysis (reference 3)
is considered indicative of the validity of this treatment
of the gyroplans,

In the general case, the gyroplane rotor travels at a
velocity V, and the plane perpendicular to the rotor axis
is inclined at the angle o to the direction of flew of
twe undisturbed air. The aerodynamic analysis of the rotor
will bte mads in two distinct parts: First, equations will
be developed for the region between zero 1ift and the max-
jmum 1ift coefficient, and second, a method for evaluating
the rotor forces in the vertical-descent condition will be
presented,

In the immediate neighborhood of the roter, induced
velocities arec gemcrated by the air forces acting on the
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- rotor. The resultant force acting on the rotor will be

inclined but slightly to the rotor axis, so it will be as-
sumed that the induced velocity is generated by the compo-
ment of the resultant force along the axis, In the low-
angle-of-attack condition it will be assumed that the in-
duced velocity is constant in magnitude over the rotor
disk. Then, from airfoil theory, '

:,T

v = Y- B ' (1)
2T R p V!
%ﬁé%é‘rf' ' v is the induced velocity

T 1is the rotor thrust
B R is the rotor radius

" p is the air density

V! is the resultant velocity at the rotor
The axiel component Uz of the resultant velocity is
‘u, = Vsina-~-v ’ - (2)

aund the compdneﬁﬂr uy of the resuitant'velodity;in the
plane of the disk is

| | © ux =' V cos a _T'-f' (3)
bt w - aaa o w
wﬁé;é k) is the rotor angular velocity and |

 ug= pQaRr (5)
Then

| VV! = (u,2 + ux3)1/2 = QR (M + u2)1/2 7 (6)

The thrust coefficient Cp will be defined by the equa-

tion

; Cp = o (7)
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or, dividing by u & R,

fam o = N4 —om e DB (9)

The feathering of the blade pair is a periodic func-
tion of the angular position of the blade. The angle of
feathering can then be expressed as a Fourier series in V,
the angle of the blade from its downwind position. The
tlade position will be defined as the angular position of
the blade tip projected onto the plane perpendicular to
the rotor axis, and measured to the tip gquarter-chord point,
'Since opposing blades have an equal and opposite feather-
ing angle, the cocfficients of the even multiples of ¥ in
tl.e Fourier series will be zero. Then if @ 1is the instan-
taneous pitch anzle of the bladse,

g = ag — ay cos ¥ ~ by sin ¥ - ag cos 3y - b3 sin v (10)
where 8¢ ig the pitch setting of the blade.

. From figure 1 it is seen that the distance from the
" feathering axis of a blade element dr at is €¢ R +
{ r, when the blade ig offset a distance ¢ R from the
feathering axis and has a sweepback { R at the blade
tip. If Up is the bdlade velocity component parallel to
the rotor disk and perpendicular to the projection in the
rotor disk of a radius drawn to the blade tip,

Up = Qr + pWLQRsiny (11)

The blade velocity compoment Up 1is the component per—
pendicular to the rotor disk; then '

vp=AQR+ (L r+ecB) $ | (12)
. If U 1is the resultant blade velocity in a plane perpen-
dicular to the projection of the blado radius in the rotor
disk, and @ the angle Ydetween U and the rotor disk,
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U

Ueosg . o (13)
St = v UL

The term A Q R is the principal part of Up and
is found to be less than 3 percent of the tip speed for
any reasonable set of values of the rotor characteristics,
It follows that in.any part of the rotor disk in which
the resultant velocity is large Up is small in conmpari-
son with Up., It will cousequently be assumed that sing =
® and cos ¢ = 1, Then o

U = U ) e .

: L (1)
UP = @ U’

In the evaluation of the elementary air forces on
the blade, it is assumed that the resultant force on a
blade element lies in a plane perpendicular to the projec—
tion of the blade radius in the rotor disk, and deponds

_ounly upon the resultant>vg;ocity‘in_that‘plane.;

The thrust on a bladé element dr at a radius r is
am, = % p U ¢ dr C1, B (18)
where dT  is the element of thrust on oné bladé
c is the blade chord (assumed constant)
Cr is the lift coefficiont of the blade element
The total thrust on the rotor is obtained by integrat-

ing thr thrust along the radius and taking the average val-
ue around the disk, It is considcred adviscbleo to allow

~for %ip losscs by assuming that the outer tip of the blade

develops no thrust; this outer rart is assumed to have a
span of one half the tip chord, and the radius to this part
is designated BR., A further correction is required to ex-

press in the thrust equation the fact that the velocity Up
is negative in the region bounded by ¥r = = M R sin ¥ and
in that region the angle of attack of the blado clements
requlires an cxpression difforiang from that used over the
rest of the disk, 4n additional torm in the thrust into~
gral is uscd to corrcct the oxpression for.the angle of at-~
tack, I;rifrasgpmggijgrppgb;g,wiﬁh7§ma11 error, that when
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the velocity is directed from the trailing edge toward the
leading edge of the airfoil, the 1ift curve has the same
sidpe as for normal flow and the 1ift coefficient may be
expressed in an equivalent manncr. The total thrust T
onfthewzdtoifmdy'be7prreésed ' -

coiin T =l of &y [ % p etUF Oy ar
. o T Joe ¥ o7 Wha
% ’ . R [« - 0 s o ) ) B
i { bm;éﬁ, fréR e .‘ | 7
+ 5w S A L o cU® Cpodr
2n
m -LR sin ¥
y 27 -uR osin Y
+ = [ ay [ % p c U? Gp' dr (17)
noon Rl TT T ,f?;_o_; : . A

wheérd B~ is the number of blades
Cpt 16 the ‘1ift coefficient in thec reversed-veloc—.
ity region

On the straight-line portion of the 1ift curve

and Cp,t = a ap' A _ . (18)
where | a ig the lift-curve slope -in radian neasure

dr 1s the angle.of attack of -the vlade elemert Ior
normal flow, measurcd from zero 1ifs E

i»af‘ is ﬁhe angle of attadk of ﬁﬁe'hlade element for
: roversed flow, measurcd from 'zoro 1ift

,inso Ay = 6 4 ol
g t= =B =9 e (19)

The signs of «p and ap! are determined by the conven—

tion -that 2 positive angle of attack givas a positivo elc-
ment of thrust, and ar oOTr; ogr'! 1is . the acutoe apgle be—- .
twoen the blande cword and the resultant.oir flowe o
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o Substituting (18) and ((19) 1a (17), "

p T BR ST
T=g J d¥ J % pcaU?(6+9) dr
r?ﬂivﬁ' R < SRR L I S SRS
p 2T 3R . o
toog Jood¥Y f 0 dpcaU(6+ ) ar
Tom -UR sin
- 2T ~R sin VY B e
+ ;L S av /f % pcalU’ (-8~-9) dr (20)
o N B ’ S A I BRI U

Collectlng and "ea”ra_iiﬁglj?hd:substjtptiﬁg'for  Uf and’

”¢' irom (1u)

am BET e L
T:%/ aV¥ J %o ca(6Up” + Up Up) dr
2 0 o . L -
“ :‘ ';ué giﬁ?,'.A*‘~ o .
_;E Jooav /o dpca (e U+ Up Up) ar  (21)

: . for
Substitute for Up and Up from (11) and (12), and/

d8/dt from (10), noting that dy/dt = Q. Turing integra-

tion it will be assumed that terws of higher order in e
than the fourth aro negligibdle, aad it will bve shown later
by inspection that ap and b, are of the order W,

The integration and 51m011f1cat103 of (21) results in

_ 1 vk AP - T - (- p%L L Py _ 4 3
T= 5 pcab ("R 15 A(B+ B pv)fao (3 BV 4+ 5 W3 g B )

1 4 .1l ,.2 1 =2 1 <2, 1 2 }

ES € B F g = - £ - = { =
* 5 paa(e3 g BT 5 I 2T 0- 5 by (B + i )
and

1 2 2 4

CT :5 g a {Z; /\(B + %‘ 4 )Tao(%‘ Ba-l' ?];‘ i B ot ’,J.S)

L e X 2.1 2N 1 w2, 1 2 .
t 3 ma; (¢ E Ty MET S {8 e (- L hbl(é + TH )}- (23)
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be

where 0 = —o and (roprosontg, fop rcctangular blados, tho
ratio between total blade area and swept-disk
area.

The aerodynamic torque on the element ‘dr may be
written

dQ; =% o U® ¢ ¢ dr 0L ~ % p U crdrd  (24)

where & 1is the avcrage profile-drag coefficient of the
blade section.,

In numerical work, & should be assigned 2 value that av-
erages tie high: drag coefficients at large angles of at-
tnck and the smaller coefficients at low unﬁles. A valto
greater by 50 percent than the minimum is FOSth inas-—
much as the 1arge angles of attack occur orly at low ve~-
locities, - .

In thec ovaluation of cquation l?4) tip losscs will bve
accounted for, as in the thrust ogquation, by integrating
40 the radius BR_ instecad of to Re. The drag term will,
howevor, be inte"r;tod to tho tip, since the drag is morc
_likely to be augmented than diminished where the thrust
dlqarpear .

‘Summing the entire torque and takinﬂ tqc uVérabe val-
ue, cgiation (24) becomes ‘ e

= ...b_. fﬂ d\" ‘E}R 3 | s T U : 7,+ : 2 ‘]\ '
Q= 37 / b . z pcaxl Up Up + Up®, r'dr
2T BR : ST o
oy 2 oV ) 6 Up Up + Up® br @
27 ' sz pcea p Up + Up T ar
il -uR sin y
21T ~uR sinV

roj

b ;
- 57/ av S

p c a{‘—e Ugp Up + Upz}rr dr
7T 0

e
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R . ﬂ o7 R ,' ) . b ?’T . ;:R - '

-‘g% S dW f pcaUT T ar—f§E . d 'f , % pc8UT” r dr
-0 o 4 ST TUR siny :

LD em “uR 31HW ' 2? : B P

tosn /‘ dV'f o pcB UT rdr Do . (25)

In a steady state of rotation, the torque must be Zero.,
Resrranging and equatlng to zero,

o 21 BR {
Q=55/ ¥/ L pca<e Up Up + Up }rdr
o 0 L
271 R,
- %% foav/ d o c 8 up?rar
“" o 0
¥ 21T “UR siny
~-=/ av /S 2 pcaUp® rar
o o
2T -uR siny o -
+ 27 av s T pc8Up® rdr=0 (28)
Mo ) o SLono e s

Integrating and collecting, and neglecting terms of hlgher
order than u4, as in the thrust expression,: :

Ou%?\z(f“%u )+>\(-—aB-Lub3+g€u a1+—]=p.alg)

1 2

+—p.aoal(3§B +§€B)

1 .= _4 2 . 53 1 .2 _=2 1 2 1. =2
+(4gB+chiB + 5 € B)(2a1+2b1)

2 2 2 2 2y . & 2 _ 1. .4

T M° € (3 a, +b1>j“ 2z (L + -5 (27)

v il
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. -The unknowns in (27) are i, A, and the blade-motion
coefficients a,, by, a3, and by, The solution for A as

a function of (. may be obtained by expressing the blade-
wotion coefficients as functions of p and A. The fol-
lowing consideration of the blade motion will be utilized
to express the blade-motion coefficients in tne desired
form.
The dynamic egquation for the 0301llat10n of a blade‘
pair about the featheriné axis may be written

BR. . . L . BR. : : :
a6 v dTay ( S W
e = # ———— — + JE—— d :
1, $5=J (€R+gr)<dr ) ar-J (¢ R §r) Ty (28)
o 0
dTl\ . B
wvhers (Ef‘} ig the thrust on a blade element dr . when
¥ the blade position is V
/4T, .
K~—~ is the thrust on a blade element dr . when
dr /Y4 the blade position is Y + T -
Ip is the moment of inertia of the blade pair

about the feathering axis

From equations (10) and (21),

At s L { o i e E S
(EEINV = % pca i(ab‘—-al cos ¥ - b, sinV - ay cos 3y

- b, sin 8Y) (Qri+ QR sin ¥)° + (Or + u@n sin. V)

(OR + [€eQRrR +£Qr] [a;, siny - b, cosy + Baz sin 3V

- 3bs cos 3¥]) } ' B (29)
!dTl . ) . /d \ LT
and (——- ijs identical with (- with the sign-
Ar A .

of each trigonometric function reverseda

The reversal of flow over k) ;o*tlon of the. retreatlng
blade is neglected in the eguation for tae feathering,’
since normally both the forces and molient arms in that por-
tion will be very g.51l.
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From equatioén (10),

2 .
= Q (ajcos ¥ +b, siny +9a,cos 3y + 9b, sin 3¥) (30)

=
8
2

t

Substitute (29) and (30) in (28); integrate and collect.
Then

1 = 1 2
5 W a,(€ B + 5 t3 )

1 3 1 4
{-2al(—3-e::8 oy (B
1 .2.2 2 3, 1 2.4 1 = 1 241 . ;

- = ¢ 4+ = ¢ = 7 =, € %
bl(g B z (B + 4 C‘B )+,2 u-ag(c B+ 5 ] )J»cos V¥

¥{4LLaO(%€Be+ %g?ﬁ +2;¢k@3-+% ¢ B°%)

+ 2ay(5 €7B°+ 2%+ X " 2%)-20, (2 e3%+ 13

- §u3w01(63+ 1 EBE)}sin\’f

2

o]
- Bba(E e®3+ 2¢ ¢+ L 254y ) cos gy
2 3 4
J1 o= 1 so2v, . 1L .22, 2,23, 1 ,2.4%
TR b, (€ B+ 5 (B )+ca3(§€ T+ ZelB+ 7 (3B )

-2 by(5eB® 4+ % ¢ B‘”)} sin 3y

(21)
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21
Let ————m, =Y
pca R
7 © B+ y¢ B = K3
R DN 1pm3
* oS + -, —
5 € B = { B K,
B R

l 2 2 ¢ l —
L PR+ 23+ B =X
gt B T get il «

Substitute the above ia (31) and equate the coefficients
of corresponding trigonometric terms; then

a, (y+2K,+ M?,K3?=.f2b13ef_% u?asKa;

ROIT

RaSH{oN]

bL(y+3Kl+“ w? Ks)?4uagﬁz+2u A Kz+2a, K.+ % w® b3Ks

," (32)

1l

as(9y + 2Ky + u?Kz) = £ p° a;Ks = Gbaks | .

b, (9y + 2K: + p°Ka) = & u® biKs + GaskKs

A

The coefficients € and ¢ will normally be of the or-
der of 0.1 or smaller.  The term Xg 15 thea of the sec-
ond order with respect to ¥,, Kz, and Kz. 4 first approx-
1mat10n to the solution of (31) may be obtained by neglect-

ing Kge Then .

4Y3 L oag + 2E5 W K

hE é*fu' U L Ty s T (33)
U s R
M 1T g B BT 4oy + 2K, + u® Ea)
u £ Dy
= - - (34)

2(9y + 20, + uf Iz
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"'2K4 bl (35)
a, = .
' 1l = ) e ng
+ 2Ky + 5 u® Ky) - ——-
v TRt 4(9y + 2K_ + p2 K,)
W Ky a 3u® X, K, b ,
ay = r . Bt L (36)

) . —
2(9y + 2K; + u® x3) (9y + 2K + p® K3)

Equations (33) to (36), inclusive, show that a1, by,
83, and by are linear functions of A+ Substitution of
these equations in the torque equation results in a quad—-
ratic in A, the only unknown, making the solution for
A simple. The larger, or positive, value of \ obtained
in the solution corresponds to a positive angle of attack;
the smaller, or negativs, value corresyonds to a negative
angle of attack.

The aerodynamic pitching moment is easily determined
from a consideration of the thrust variation with V. 1If
M is the Pitching moment about an axis passing through
the rotor axis
217 BR ar N
I = =b ! (_gij !

M - g d‘vd/ \gz~/ r cosy dr (37)

Substituting from (16), (18), and (19), integrating and
collecting

2_ 4
¥ o= % bepa Q°R i% a,(B"+ % L’B%)+ % bl(ge BS+CB4)} (38)

The reversed flow is again ignored here as boing of négli—
¢ible importan ce. ' o

Similarly, the rolling moment IL! may be written
B
Lt= _— .7ﬂ d v ./R (Egi‘ r sin ¥ dr (39)
2T J o dr ]

and
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4
1= -1 vepa a°r* {% uh 3%+ % e T al(% ¢ 3%+ ¢ BY)

i

The energy 1osses in the rotor arise only from the
genegration of thrust and the proflle drag. of the blades.
lheﬂ : . . -t s DL )

T 'b- cemm v 2R S N
YD = vP + — [ a4V f % pcbd v’ ar
2T 5
o e AmE Y
oo H-b .f4  W f

"~..A","'_'i' I . . ,n..' M

e

(1)

the: s»cond 1ntegra1 boing add@d to,écgouht for the re-
;varsed veloclties,' But o LT GaannEtoet TR

12 T cos a R (42)
Theh.r SR Eooome merdndio e

i3 u;.‘vé'iﬁf LR

Disx¢"12~;;v~;_“;”_w!v'b v T SN
I VT cos a4_VT cos oo T 6f dJ f % P Qi§*Uw dr

O N BT

2T . L ~RR sin\l

1 RS 3 .
[ S 4 b
VI cos o é a v J' % o ¢ § U%ar (43)

‘,'i

Inuegratlng and simpllf ing,

l O '06(1‘+.3u2-H%-u4) .
B v S (ad)

B u(u . >€)172 8y Cr

SRec]

Tae 11 t coe‘ficient of the rotor Czﬁx:may~be ex—:
pressed in terms of,.Cp. from tpg‘fg;lgw;ngheggatiqn:

2

L va,‘_U R !{__1..; T‘Cosna

1
Q
t
H
W

. m R® p 0° R® cos q (45)

It
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2 (° gt 2 Cp cos® g

Py T 01 "= pm cos a = =T ()

98

Substituting for Cp in (44)

c o8 (1+3u2+ 2 w*Ycos3 g Cp_ W
D Dy — 8 r :
S LT en
r 4w Cp,, 4 cos”® a(A"+u") '

where CDr is the rotor drag coefficient. At small angles

of incidence, A ig negligible with respect to Wy and
€0s @ is nearly unity., Then

0 8(1L + 3 u2 + g 04y Cr,2
Op, = — e BT 4 Zhp (48)
T 4,3 4

illustrating that at small angles of attack the drag coef-
ficient can be expressed as the sum of a profile and an
induced-drag coefficient,

he preceding equations (specifically (39), (23), (27),
(33), (34), (35), (38), (38), (40), and (44)) determine
cbmpletely the low-angle-of-attack operation of a gyroplane
rotor when its physical dimensions and constants are known.
The first step in the application of these equations is to
determine a,, by, az, bs as functions of A for ‘an assumed
series of values of M ranging from 0,07 to 0.6. The
next step is to solve the torque equation for A, after
winich the angle of attack, lift coefficient, and drag co-
efrficient may be determined from the equations given.

The rotor loading determines V for a given 1ift coeffi-
cient, and the tip speed can then be found from u, a, and
V. ’

In the high-angle—of~attack range, say from 50° to 909,
the equationsg Previously &é%eloPed give erroneous results,
It is suggested that the drag coefficient at an angle of
attack of $0° ve calculated by the following method, based
on an enpiriecal relationship obtained in wind-tunnel ex~
puriments (reference 4),

Figure 2 shows a curve obtaized from reference 4 that
defines the relationship botwoen thie tharust coefficient
of a propeller based on spced of irsnslation and the thrust
coefficient based on the velocity of the air ian the neigh-
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pornood of the propeller. The expressions are

- T
f = =———FTT 3. : . (49)
ZﬂR;.vpV - L
and
: e S SN - (50)
v ) 27 R p oug o L

waere wu, is the axial flow at the propeller and f and

... ¥ - are thrust coefficients. BSince *.~
w, = AR (51)
(from equation (12)), ggpatignA(§O) pecomes
. ¢ : o

Fo= g (52)
2N

end if- CDf‘ is the rotor drag coefficient at 90? angle
of attack, T

:l Y : 7 A -T:‘v ‘ - ) v

"Equatinn (62) isAevalﬁéféa'fiSm"egﬁgﬁioﬁé (23) and (27);
‘the proper value of 1/f is then obtained from figure 2,
from the branch of the;bﬁrve_1ébeled_9windmill decelerat-
n

g state," and Cgrl;;ﬁollovs at once.

e

.. ~ Some indication has teen obtained from an isolated
test (reference 5) that im thé,high—angle~of—attack,rangb
“tme resmltant force coefficlent Op 1§ constant and equal
to  Cp '3 Ly _Nand__CDw_ﬁthen.beqpme~gqpal;po Cp cos a

r T : Dy e TR

»aad Ty sin q.‘—rosﬁectivély,'where d'”ﬁdy'bovcalculated

Cfrom (9). The mse of this rolationship is not recommend-
ed without more 2 neral verification. :
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LIST OF SYMBOLS

Velocitiesi:

v, velocity of translation of rotor

QR, tip speed of rotor - ..o o w: o E

v, induced axial velocity at rotor

V!, resultant velocity at Totor: .
Wy rcompéunent of V' odin plane of . disk - -
axial component of V!

U, resultant velocity at blade element perpendlcu—
lar to blade span axis :

U, compéﬂent of W parallel to disk

Up, compon;nt of U 7perpendicular to disk
Forces:: .

T, rotor thrust

Ly, rotor 1lift

b}, rotor'dféé

D', rotor drag at 90° angle of attack

Moments
Qs rotor torgue about axis of rotation
M, rotor pitdhing monent
L', rotor rolling moment
Angles:
SV, - azimuth angle of hlade -
a, angle of attack of rotor

Or,» angle of attack of blade element
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Angles (cont.):

o,
8,

a09

Rotor constants:

a,
Ips

Cy.
R,

Yo

B,

Coefficientsy ... . -

Cp,

=
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acute angle between U and plane of disk

instantansonsd blads pitch afigle’

pitch setting of blade

EIR
(S ]

1ift curve slope 6f blade profile’ =~ 7

moment of inertia of blade pair about féathering
axis

“blgde chord

rotor radius
4

SR
I

i

mass constant of blade pair =

o]

offset of blédé fi%ﬁffééthering 5K{§ "
sweepback of btlade tip from feathering axis

solidity or ratio between total blédé area and
disk area

average profile drag coefficients of blade pro-
file ' o '
factor expressing allowance to be made in integrat-
ing alonz radius to account for tip losses

-

T

thrust coefficient = ——y~"7"=237 3.
4t Rg‘p Qz Ra*

'CLr, roior 1ift ceocefficient = ;____5___,3

f,
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Coefficients (cont.):

F, propeller thrust coefficient based on local veloc-
T.
21 E pou,

ity at propeller =

CDrh rotor drag coefficient at 90° angle of attack =

N 2 2
5oV mR

¥iscellaneous:

s ratio between component cof speed of translation
. 1in plane of disk and tip speed .
A, ratlo between axial component of resultant transla-
tional velocity and tip speecd

- -~ EXANPLES

In order to illustrate the influence of tlhe rotor pa-
rameterg on the over-all rerformance of the rotor, curves
' of L/D as functions of ch have been calculated for a

typical rotor having the following characteristics:

€ =0

¢ = 0.10

¢ = 0.10

ag = 0.,0698 rad, = 4°
5 = 0.0120

a = 5,00

v = 0.004

B = 0.950



e

20 N.A.C.A. Technical ¥ote Ho. 492

-5, and 8. The calculated loagitudinal and lateral posi-
tions of the rotor center of pressure in terms of percent
of the radius are showa in figure 6 for the typlcal rotor.

DISCUSSION

e

The development of an aerodynamic theory of the gyro-
plane in & mathematical form necessarily involves simpli-
fications and assumptions, The major sources of error 1in
this theory are the assumptions made concerning the uni-
formity of the inflow and the equallty of tan ¢ with @.
The inflow probably varies materially over the rotor area,
considering the form and relative positions of the bladse
tip vortices., -The influerce of the uniform inflow is a
rough average of the influence of the nonuniform iyflow,
however, and should introduce no serious errors in the ex-
pressions for the net forces. The angle ® 1is large only
when the resultant velocity is small, so that again the
errors in the net forces are small,

Errors of lesser importance are introduced by the as-~
sumptions that the aerodynamic force oa the blade element
is indemendent of velocities along the blade radius, and
that the tip losses are calculable by the method given,
Some energy will be dissipated in the skin friction be—-
tween the blade and the radial air flow, but since any
computation of this energy loss wonld be an approximation
it wns thought best to neglect it., It seems reasonable
to expect this factor to be small, Tip losses have becn
taken into accouni approximately, although tlie accuracy
of the assumption made concerning the effective radius
(BR) 1is uncertain.,

The treatment given in this paper considers the sim-
plest form of a blade - omne with constant chord aud pitch
angle; a similar treatmeut, however, can be applied to any
blade in which the chord or pitcha angle is a given func-
tior of the randius, It is only necessary to substitute
the given function for ¢ and ao vefore integrating
from O to R along the radius, aand tioe result obtained
will express the desired relation. It shouid be remem-
bered, nowever, tuat this aerodynanic analysis In its sim-
plified form is of doudtful valuve grantitatively, although
its qualitative accuracy shonld Do satisfactory.
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The illustrative examples presented in figures 3 to 5
show the type of variation in lift-drag ratio to be ex-
pected with changes in therotor constants. :.It is inter-
esting to note that a .small solidity is advantagequs only
at very low 1ift coefficients. The increase in lift-drag
ratio with pitch angle is somewhat misleading, since with
normal airfoils the pitch anglé can .be increased but
slightly beyond 4° without adverse effects upon the auto-
rotation. Figure 6 slhows the variation in pitching and
rolling cénters of Pressure with 1ift coafficisnt; the
rolling moment arises from the faot that the center of
thrust is at a greater distance from.the hub on the re-
treating blads, so that for swept-back blades the thrust
twisting moment on tlhiis blade balances the twisting moment
of a .smaller-thrust on the opposité bdlade. ‘ ’

‘The "application of the aerodynanmic principles present-
ed here is essentially a structural problem. .The bvlade
prair is stressed in bending and tension, and vyet must be
held in the hub in bearings that peérmit free rotation.
Torsion in the blades must be considered in relation to
pPossible vibrations. Ko insuperable difficulties are an-
ticipated, however, since the obstacles to be overcome
are for the most part similar to those successfully dealt
with in the autogiro.

CONCLUSIONS

The gyroplane is aerodynamnically sound, and its pPronm--
ise justifies further research.

The aerodynanic theory of the gyroplans here developed
exXpresses satisfactorily the gualitative relations between
the rotor characteristics and the design parameters of the
rotor, '

Langley Memorial Aeronautical Laboratory,
National Advisory Comnittee for Aeronautics,
Langley Field, vVa,, January 5, 1924,
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Figure 1.-Gyroplane rotor
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rotor 1ilt coefficient.
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